Background: Echinococcus granulosus has a complex life cycle involving two mammalian hosts. The transition from one host to another is accompanied by changes in gene expression, and the transcriptional events that underlie these processes have not yet been fully characterized.
Background
Echinococcosis is a zoonotic parasitic infection caused by tapeworms of the genus Echinococcus and considered as one of the 17 neglected tropical diseases prioritized by the World Health Organization [1, 2] . The two most important forms of the disease are cystic echinococcosis (hydatidosis) and alveolar echinococcosis, caused by infection with Echinococcus granulosus and Echinococcus multilocularis, respectively. Echinococcus has a two-host life cycle with the larval stage growing in the tissues of an intermediate host (large variety of non-carnivorous species) and the adult stage living in the intestine of a definitive host (few species of carnivores) [3, 4] .
E. granulosus larvae, also called metacestode, is a fluid-filled vesicular cyst containing many infectious protoscoleces, the pre-adult forms of the parasite. In vitro studies demonstrated that protoscoleces have an unusual potential of being able to differentiate in two different directions, depending on the environmental conditions provided. In the intermediate host, upon hydatid cyst rupture, protoscoleces released in the body cavity differentiate in a cystic direction (secondary hydatid cysts). In contrast, protoscoleces ingested by a dog and exposed to the gut environment, sexually differentiate in a strobilar direction to form fully developed, segmented adult tapeworms [4] [5] [6] [7] .
The strobilar development is directly influenced by the host-parasite relationship and configure a key point for the life cycle. Initially, the protoscolex remains quiescent and invaginated within the cyst until it receives the correct stimuli for the strobilation upon ingestion by a definitive host [7, 8] . The nature of these stimuli is not fully known, but it is believed that chewing and the proteolytic enzymes like pepsin have a considerable role in this process, as well as temperature and the presence of bile salts. In addition, histological studies have already demonstrated that parasite binding or contact with a substrate similar to that 3 found on the surface of the canine gut also constitutes an important stimulus for strobilation [9] [10] [11] . These observations resulted in the elaboration of strategies for in vitro culture of Echinococcus protoscoleces in order to provide the necessary physiological conditions for parasite strobilar development (summarized in Smyth, 1990 ).
In the molecular aspects, genome and transcriptome studies for E. granulosus [13] [14] [15] and E. multilocularis [14, 16] identified differentially expressed genes between parasite life stages.
Furthermore, considerable losses and gains of genes that may be associated with adaptations to parasitism were identified. In E. granulosus, crucial genes or even entire pathways of de novo synthesis of fatty acids, cholesterol, pyrimidines, purines and most amino acids are absent. Thus, E. granulosus relies on the host for obtaining these nutrients. Specifically in relation to strobilar development, it is known that bile acids have a crucial role in the differentiation of protoscoleces into adult worms [12] , involving the expression of bile acid receptors and transporters to stimulate the pathways [14] . However, the association between these molecular events and the gradual morphological changes during the strobilar development of E. granulosus remain essentially unknown.
In an attempt to finding genes and molecular pathways involved with the gradual phenotypic changes triggered by strobilation stimuli in E. granulosus, we reported here the transcriptomic profile for the first 24 hours after protoscolex in vitro induction to adult development. We performed a comparative analysis of the transcriptomes from four different time-point samples during protoscolex strobilar induction and provide an overview of the early parasite developmental processes. Our data constitute the basis of future studies aimed at investigating the strobilar development and the host-parasite relationships that could be applied in the improvement of new control strategies for echinococcosis. 4 E. granulosus protoscoleces (G1 genotype) were aseptically collected from a naturally infected liver of cattle routinely slaughtered at a commercial abattoir (São Leopoldo, RS, Brazil). The viability of protoscoleces was determined by trypan blue exclusion test and confirmed based on their motility characteristics under light microscopy [17] . Protoscoleces were washed 3 times with PBS, pH 7.4 (Sample 1 -PBS) and genotyped by one-step PCR [18] . PSCs were cultured in vitro as previously described [19] . Briefly, protoscoleces were incubated for 15 min with pepsin (2 mg/mL), pH 2.0 (Sample 2 -PEP), washed with PBS and transferred to a biphasic medium contained taurocholate for 12 (Sample 3 -12 h) or 24 h (Sample 4 -24 h). Additionally, protoscoleces were maintained in culture to confirm the characteristic morphological changes of strobilar development, as previously described [19] .
Methods

Parasite material and in vitro cultivation
RNA extraction
Total RNA from each parasite sample was extracted using Trizol reagent, according to manufacturer's instructions, followed by treatment with RNase-free DNase I (Sigma) to remove DNA contaminants. The integrity of the extracted RNA was monitored using gel electrophoresis on a 1% agarose gel. RNA concentration was determined using Qubit (Molecular Probes). 
cDNA library construction and sequencing
Data analysis
FastQC v0.11.2 [20] was used for data set quality checking. Individual Illumina read files (fastq) were trimmed and filtered using Trimmomatic v0.36 [21] . Paired end Trimmomatic parameters used were: LEADING:10 TRAILING:10 SLIDINGWINDOW:30:20 MINLEN:30. Filtered reads were mapped to E. granulosus genome by using TopHat2 v2.1.0 [22] . The genome of E. granulosus (PRJEB121, Tsai et al., 2013) and annotation (version 2014-05) were retrieved from WormBase ParaSite database [23] .
The reads mapped to each transcript were used to calculate normalized transcript abundance and to perform differential gene expression analysis in GFOLD v1.1.4 [24] , a software package specifically designed for unreplicated RNA-seq data. Genes with |GFOLD value|>1 or |log2 (fold change)|>2 were considered to be differentially expressed. [26] . The eggNOG database v4.5.1 [27] was used to acquire the functional annotation for the DE genes.
Results
The paired-end RNA-seq sequencing using Illumina technology was used in order to investigate the transcriptome of protoscoleces induced to strobilar development. The RNAseq resulted in a total of 30,821,916 reads. The overall raw read mean quality score was high, with 98.4% of bases above Q30. After quality filtering, 30.8 million of paired-end reads (99.5%) were obtained and 71.7% of the reads were mapped to the E. granulosus genome with known gene annotations. Table 1 shows the summary of the sequencing results. showed the highest amount of DE genes (552 genes, 180 upregulated and 372 downregulated). Some of these data are shown in Table 2 . These genes are related to growth and development, immunity, signal transduction, etc, and may be important for strobilation. . Among the upregulated genes obtained from GFOLD analysis, we identified genes coding for 2-amino-3-ketobutyrate coenzyme A ligase, heat shock protein 70 (16 genes), sodium bile acid cotransporter (2 genes) and tetraspanin (4 genes). In contrast, among the downregulated genes, genes coding for annexin (6 genes), calcium binding protein (2 genes), dynein light chain (10 genes) and fatty acid binding protein FABP2 were identified.
A structural and functional annotation of the DE genes is summarized in Figure 5 (Additional file 2). The most representative domains found in the genes downregulated in response to environmental stimuli such as host, temperature and pH changes [28] [29] [30] .
These regulated responses contribute to the mechanisms by which parasites subvert host immune defenses and cause infection.
Previously, based on the classic works of Smyth and collaborators (summarized in Smyth, 1990) , we have reported an in vitro culture of E. granulosus protoscolex strobilar development based on a biphasic medium containing the bile salt taurocholate [19] . In this work, we cultivate protoscoleces in biphasic medium for 12 or 24 hours. In addition, we used untreated protoscoleces washed with PBS (PBS) and protoscoleces treated with pepsin (PEP) to compare and to search for DE genes involved in the strobilar development.
Based on the Jacob-Monod model, a hypothetical but logical model was proposed to explain how the gene expression regulation can be involved in the Echinococcus development [7, 31] . Although both the morphological characteristics of the strobilar development and the genome of E. granulosus are known, the correlation between these two informations and the model previously proposed is still poorly understood. In this work, we provide a transcriptional analysis of E. granulosus protoscoleces in vitro induced to strobilar development in attempt to finding genes involved in this process.
By sample-to-sample correlation analysis, it was possible to observe that the most abundant transcripts share similarities between the different samples analyzed. PBS and PEP samples have a relative high-level expression of several identical gene transcripts.
Furthermore, with the subsequent activation of the protoscoleces by pepsin and bile salts, mimicking the developmental transition in the definitive host, a change in the identity of highly expressed genes can be observed.
Among the most expressed genes found in our data, it is important to verify the presence of fatty acid binding protein (FABP) and the antigen B transcripts. Both of them have already been described among the highly Echinococcus expressed genes [14, 32] , which corroborates the validity of our data. The importance of these genes lies in the fact that cestodes are unable to synthesize fatty acids and cholesterol de novo Among the downregulated DE genes, we found several genes coding for dynein light chain, oxalate:formate antiporter and annexins. Dynein is a family of cytoskeletal motor proteins involved in intracellular motility of vesicles and organelles along microtubules and are associated with transforming growth factor (TGF)-β signaling [14, 35] . Previous studies showed the expansion of this family in E. granulosus and schistosomes when compared to nematodes [13, 14] . Oxalate:formate antiporter is a subfamily of the major facilitator transporter family, responsible for the transport of small solutes [36] , but its function is not fully understood in parasites. Annexins, in contrast, are considered to play critical roles in parasite process related to the maintenance of cell integrity and modulation of the host immune responses [37] . Therefore, the decrease in the expression of the annexins may be related to the absence of contact with the host in the in vitro cultures.
On the other hand, we found ankyrin, tetraspanin, heat shock protein 70 (Hsp70) and sodium bile acid cotransporter among upregulated DE genes. Ankyrins are involved in functions such as cell-cycle regulation, transcriptional regulation, cytoskeleton interactions, signal transduction, development and intracellular trafficking [38, 39] . In parasites, tetraspanins are involved in the coordination of signal transduction, cell proliferation, adhesion, migration, cell fusion, and host-parasite interactions [40] . In E.
granulosus, tetraspanins were mostly present in the tegument and could contribute to the parasite nutrition [41] . The Hsp70 are part of the group of the expanded domain families in E. granulosus and may have important roles in protein folding and in protecting cells from stress [14] . The expression of Hsp70 may be particularly associated to the stressful conditions of strobilation induction, which involves an increase in protein synthesis [19, 42] . In turn, sodium bile acid cotransporter is an integral membrane glycoprotein that, in humans, participate in the enterohepatic circulation of bile acids. Bile acids seem to play a key role in the differentiation of Echinococcus protoscoleces into adult worms, and the expression of bile acid receptors and transporters may be stimulated during strobilar development [12, 15] .
In our previous work, we identified proteins expressed by E. granulosus protoscoleces upon the induction of strobilar development [19] . These proteins were related to the cytoskeleton, energy metabolism and cellular communication. Specifically, the 2amino-3-ketobutyrate coenzyme A ligase, classified here as an upregulated DE gene, had an increased expression in the presence of strobilation stimuli.
When we analyzed the molecular function of DE genes, we also found differences between clusters. In cluster 1, which presents a downregulated expression pattern, we observed the presence of more basal functions, such as translation (e.g., Eukaryotic translation initiation factor 5a), DNA replication and cell motility. In contrast, the upregulated DE genes of cluster 8 are related to specialized functions like signal transduction (e.g., tyrosine protein kinase and G protein coupled receptor), enzymes (e.g., hexokinase and phospholipase) and protein modifications (e.g., Hsp70), which might correlate with the increased morphological complexity of the adult tapeworm compared to the metacestode. It is important to note that an expressive number of genes (270 in DE genes; 2976 in total) are not characterized, which difficult more accurate analyses. This is the case, for example, of the hypothetical protein EgrG_000335800, which is one of the most expressed genes in the four conditions analyzed.
Conclusion
In this study, we have conducted RNA-Seq analysis of the protoscoleces and early strobilar stages of E. granulosus. More importantly, this work provides information about DE genes in key intermediate stages, providing novel information about E. granulosus strobilar development. In summary, we provide here significant data that can be used to explore basic questions on the biology and evolution of cestodes, including the study of development and the host-parasite relationship.
Additional file
Additional 
